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Solid-state bonding methods, e.g., diffusion bonding and pressure 
welding, are becoming common manufacture and repair techniques for gas 
turbine engine components. Effective NDE inspection techniques are crucial 
to the utilization of this approach due to the high stresses on the bond 
plane associated with jet engine operation. Recently we have examined 
ultrasonic techniques for assessing bond quality including leaky Rayleigh 
waves and critical angle longitudinal waves!1], for which the illuminating 
waves are nearly normal to the bond plane, and longitudinal waves at near 
grazing incidence to the bond!1]. Based upon preliminary theoretical 
analyses!1,2] of ultrasonic reflectivity from imperfect interfaces, it was 
found that the reflection coefficient for both longitudinal and shear waves 
increases to unity as the incident angle approaches grazing!1]. In 
contrast, the bond reflection coefficients for near normal incidence can be 
quite small, depending upon the degree of imperfection of the bond. A 
second drawback to the first two approaches mentioned is that surface 
roughness of the blade can cause scattering noise which dominates the 
signals reflected from the bond. The grazing incidence technique suffers 
less from these problems since the probe is oriented nearly normal to the 
surface of the blade and the interaction of the beam with the surface is 
minimized. In this paper we will first present the results of grazing 
incidence experiments which show the ability of the approach to distinguish 
bonds of different quality. These bonds were produced by systematically 
degrading standard fabrication procedures of major engine manufacturers. 
This is followed by a quantitative experimental study of the quasi-static 
spring model for the interaction of an ultrasonic wave with an imperfect 
interface. In this study, model samples with controlled interfacial 
disbonding were employed to demonstrate the high sensitivity of the grazing 
incidence configuration and the quantitative relationship of the 
measurements to the degree of disbonding. 
EXPERIMENTAL RESULTS - ENGINE MATERIAL 
Bonded samples of Ti-64 and IN100 were received during the last year 
from jet engine manufacturers[3,4] to test ultrasonic techniques for 
assessing bond quality. The samples were prepared under a variety of 
bonding conditions, resulting in both good bonds, made according to 
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established bonding practices, and bonds which were intentionally made 
defective. The geometry of the samples is indicated in Fig. 1. Scanned 
ultrasonic inspections were performed on the samples using a 15 MHz, 3-inch 
(7.62 cm) focal length, 0.5-inch (1.27 cm) diameter immersion probe 
focussed near the bottom of the specimens. The probe was oriented at a 6 
degree angle from normal to the top surface of the samples, resulting in a 
refracted angle of roughly 25 degrees relative to grazing incidence (65 
degrees from normal) to the bond plane. This angle was selected in order 
to (a) provide adequate resolution of the reflected bond signal from the 
reflection of the side-lobes of the probe's radiation pattern from the top 
and bottom surfaces of the samples while (b) maintaining good reflectivity 
from the bond. The scans were performed in a raster fashion and full RF 
waveforms were digitized and stored at each scan location so that signal 
processing could be performed. Reference waveforms from the edges of the 
samples were also acquired with the probe in the scan configuration. 
Some typical results of the scans of the Ti-64 samples are shown in 
Figs. 2 and 3. Eight Ti-64 samples were produced at bonding temperatures 
of 1850, 1950 and 2050 degrees F and total upsets of 50%, 75% and 100% 
(i.e., the increase in sample thickness, caused by material flow during 
bonding, expressed as a percent of original sample thickness, which was 
nominally 0.25-inch (0.635 cm». The vertical axis in the figures is the 
ratio of peak-to-peak voltage of the scan signals divided by the reference 
peak-to-peak voltage, expressed in dB. The horizontal axis is distance 
measured in the scan direction, which was perpendicular to the bond line 
(see Fig. 1). Fig. 2 shows the projection of the scan line amplitudes onto 
a plane normal to the bond plane (i.e., a side view as in Fig. 1) for the 
samples bonded at 2050 degrees F. As can be seen, there is a monotonic 
decline of signal amplitude near the bond plane in relation to the upset 
rate. Fig. 3 shows similar scan line maxima for the three samples prepared 
at various temperatures with 100% upset. In this case, little change in 
signal amplitude is observed for the different bonding temperatures. 
Reference 
Scan 
lines 
Side view 
Top view 
Fig. 1. Geometry and inspection configuration for Ti-64 and IN100 samples. 
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Fig. 2. Maximum amplitudes for all scan lines across bonds in Ti-64 
samples produced at 2050 degrees F. 
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Fig. 3. Maximum amplitudes for all scan lines across bonds in Ti-64 
samples produced at 100% total upset. 
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Fig. 4 shows similar results for four IN100 bond specimens. The 
samples were all prepared at the same bonding temperatures but had 
different total upsets and bonding pressures, as indicated in the figure. 
The 81% upset, 35ksi bonding pressure sample was prepared according to 
proper bonding practice. The remaining three samples were intentionally 
fabricated using less thart optimum bonding parameters in order to generate 
poor bonds. The ultrasonic reflectivity from the poor bonds is seen in 
Fig. 4 to be significantly higher than that from the good bond. 
Interestingly, the variation of signal amplitude with respect to total 
upset is opposite to that which was observed for the Ti-64 samples (see 
Fig. 2). Another feature of the IN100 signals, in contrast to those from 
the Ti-64 specimens, is that the background "noise" is significantly lower, 
by almost 20dB relative to the corresponding reference signal amplitude. 
This is primarily a result of the finer grain size of the IN100. Thus it 
was possible to unambiguously identify the reflection from the good bond in 
the IN100 samples. 
MODELLING OF GRAZING INCIDENCE REFLECTIVITY 
As reported previously, a quasi-static, effective spring model has 
been developed which relates ultrasonic reflectivity from imperfect 
interfaces[I,2] to geometric aspects of the interface, such as average size 
and spacing of disbonds. This model predicts, for example, that 
reflectivity approaches unity as the incident angle approaches grazing and 
generally increases with increasing frequency for all angles of 
incidence[I,2]. These observations led to the development of the grazing 
incidence inspection technique and to the use of higher frequency probes 
for the bond measurements. In order to test the accuracy of the model and 
to identify its range of validity, a specially designed sample was 
fabricated. The preparation technique, which is more fully discussed 
elsewhere in these proceedings[5], is based upon powder metallurgy methods. 
In short, the sample was fabricated from iron powder into which a copper 
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Fig. 4. Maximum amplitude of all scan lines across bonds in IN100 samples. 
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screen was placed. The screen consisted of copper strands 4.3 mil (0.011 
cm) in diameter with a mean separation of 11 mil (.027 cm). The powder was 
pressed and then sintered at a temperature higher than the melting point of 
copper. The copper melted and diffused into the surrounding iron matrix, 
leaving void regions where the copper screen was originally situated. 
After sintering, the sample was cold pressed to reduce bulk porosity. The 
resulting sample contained an essentially planar periodic array of contacts 
and "disbonds" and, hence, simulated an imperfect interface of known 
geometric properties. Fig. 5 shows the sample geometry and probe 
configurations for the measurements of specular ultrasonic reflectivity, 
which were made as a function of incident angle and frequency. For angles 
near normal to the bond, a dual-probe setup was used. For near grazing 
incidence studies, the single probe configuration used on the Ti-64 and 
IN100 samples was employed. Due to the average size and spacing of 
contacts/disbonds caused by the copper screen's mesh, fairly low frequency 
(2.25 MHz) probes were used to measure the reflectivity from the 
"interface" in order to satisfy the quasi-static assumptions of the model 
(i.e., wavelength » average spacing of contacts/disbonds). A summary of 
typical results are shown in the remaining figures. 
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Fig. 5. Geometry and near-normal(left) and near-grazing(right) inspection 
configurations for "screen" samples. 
Fig. 6 shows the 2 MHz longitudinal wave reflection coefficient from 
the interface versus incident angle. The reflection coefficients were 
obtained from the measured bond signals by dividing the bond spectra by a 
reference spectrum (FFT of reflected signal from reference surface, as 
shown in Fig. 5, using the same probe orientation as for the corresponding 
interface signal) and mUltiplying the result by the reflection coefficient 
for a solid-water interface obtained from plane-wave (Fresnel) interface 
analysis. (This approach is described in a previous paper[l).) The quasi-
static model was fit to the data by adjusting the effective longitudinal 
and shear stress "spring" constants to give a best fit to the measured 
reflection coefficients at near-normal incidence to the interface. As can 
be seen in the figure, the agreement between experiment and theory is 
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good at angles near normal but breaks down as the incident angle approaches 
grazing. However, both the model and experimental data exhibit a 
significant increase in reflectivity as grazing incidence is approached. 
At present, it is felt that a likely cause for the disagreement near 
grazing incidence is the plane wave approximation used in the model. A 
second reason may be that the copper screen was not planar in 
characteristic dimensions on the order of the ultrasonic wavelength. 
Further studies of these effects are currently underway. 
A feature of the quasi-static spring model which has applicability to 
estimation of bond quality is the dependence of the effective "spring 
constants" of the interface, which define the ultrasonic reflection 
coefficents, to the geometrical parameters of the interface. For certain 
interfacial contact/disbond configurations, there are analytical formulae 
for this dependence. Ref. 2, e.g., provides a formula relating the 
longitudinal stress spring constant to the geometrical parameters of an 
interface which consists of an evenly spaced array of penny-shaped contacts 
in a background of disbonded area. Based upon this formula, the solid 
curve in Fig. 7 defines the combinations of spacing between contacts and 
percent contact area which give rise to a spring constant value of 119xl012 
dyne/cm3• (This value was obtained from the fit of the experimental data 
at 2 MHz to the model, as mentioned above.) The open circle corresponds to 
the approximate geometry (mesh) of the copper screen, which was measured 
prior to insertion into the iron powder. Even though the contact/disbond 
geometry of the samples was not identical to that assumed by the spring 
constant formula (the contacts were not circular), the agreement is seen to 
be excellent. This figure, however, highlights one deficiency of the 
model. The measurement of specular ultrasonic reflectivity does not 
uniquely determine the geometric properties of the interface. For example, 
all geometries defined by the solid curve in Fig. 7 yield the same spring 
constant. In order to independently determine either the spacing between 
contacts or the total contact area, some other measurements are required. 
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Fig. 6. Comparison of model(solid line) and experimental longitudinal wave 
reflection coefficients at 2 MHz from "screen" sample. 
1332 
100 
~ 
0 
0 Theory .... 80 x 
...... 0 Screen III 
G) 
... 
III 
iii 60 
-g 
....... 
....... 
...... 
III 40 G) 
... 
III 
-0 III 20 C 
0 
£ 
0 
0.001 0.010 0.100 1.000 
Center-to-center distance between contacts, em 
Fig. 7. Comparison of model predicted(solid line) and experimental 
interface contact area and spacing for "screen" sample. 
A solution to this problem may be derivable from spectral information. 
E.g., Fig. 8 shows the normal incidence, longitudinal wave reflection 
coefficient from the interface versus frequency, deduced from a number of 
measurements using a variety of ultrasonic probes of different sizes, 
frequencies and focal lengths. The experimental data are indicated by 
individual symbols and predictions of the model, fit to the data as stated 
above, is shown as a solid line. At lower frequencies, the experimental 
data points are well aligned with the model curve, but a systematic 
deviation occurs at frequencies above 5 MHz. A quantitative understanding 
of this phenomenon is not yet in hand, but the frequency and/or periodicity 
of this deviation may be related either to the total contact area or to the 
distance between contacts in the interface. For example, at approximately 
6 MHz, the shear wavelength in the iron sample is twice the center-to-
center distance between contacts (11 mil or .027 em) caused by the screen 
mesh; at higher frequencies significant diffraction in non-specular 
directions may occur, which would cause a drop in the amplitude of the 
specular waves. Further work is required to analyze these possibilities. 
SUMMARY AND CONCLUSIONS 
Results of experimental measurements of ultrasonic reflectivity from 
imperfect bonds or interfaces were presented. It was found that a 
significant improvement in signal amplitude can be realized by inspection 
at angles near grazing incidence to the bond as compared to near normal 
incidence measurements. A secondary benefit is that noise induced by 
roughness of the component's surface is of lower relative amplitude. Based 
upon tests performed on a specially fabricated and well characterized 
specimen, it was found that the quasi-static effective spring model for 
ultrasonic reflectivity from imperfect interfaces accurately predicts the 
measured specular reflection, as a function both of incident angle and 
frequency. The breakdown of the quantitative nature of the model at angles 
near grazing incidence is currently believed to be due to the plane wave 
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Fig. 8. Comparison of model(solid line) and experimental normal incidence 
reflection coefficient from "screen" sample. 
assumptions inherent in the model and further model developments to include 
probe radiation patterns i s underway . The breakdown of the model at higher 
frequencies might provide a means for uniquely determining the mean 
geometric properties of the bond . This idea is currently under 
investigation, as well . Unfortunately, an important piece of information 
is still missing; i.e., the relationship between the features deduced from 
ultrasonic measurements and actual bond "quality" parameters related to 
bond strength. Determination of such properties have been beyond the scope 
of the activities reported here due to the small number and "one of a kind" 
nature of samples which were available for testing . However, related 
investigations are currently underway in other programs and preliminary 
results have been reported elsewhere in these proceedings(6). 
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